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Bosten LakeBosten Lake in the southeast of Yanqi Catchment, China, supports the downstream agricultural and nat-
ural environments. Over the last few decades the intensive agricultural activities in Yanqi Catchment
resulted in decreased lake levels and deteriorated lake water quality. A two-box model is constructed
to understand the evolution of lake level and salinity between 1958 and 2008. The two-box model of
the lake indicates that the evaporation does have the same trend as the observed lake area and the annual
average evaporation agrees with the value obtained from the Penman–Monteith approach. To achieve a
correct salt balance, the ratio of outﬂow concentration and average lake concentration has to be around
0.7. This is due to the incomplete mixing of the lake caused by short-circuiting between tributary inﬂow
and the main outﬂow via the pump stations abstracting water from the lake. This short-circuiting is
investigated in more detail by a 1D numerical ﬂow and transport model of the lake calibrated with obser-
vations of lake level and lake concentrations. The distributed model reproduces the correct time-varying
outﬂow concentration. It is used for the assessment of two basic management options: increasing river
discharge (by water saving irrigation, reduction of phreatic evaporation or reduction of agricultural area)
and diverting saline drainage water to the desert.
Increasing river discharge to the lake by 20% reduces the east basin salt concentration by 0.55 kg/m3,
while capturing all the drainage water and discharging it to depressions instead of the lake reduces the
east basin salt concentration by 0.63 kg/m3. A combination of increasing river inﬂow and decreasing drai-
nage salt ﬂux is sufﬁcient to bring future lake TDS below the required 1 kg/m3, to keep a lake level that
sustains the lake ecosystem, and to supply more water for downstream development and ecosystem
rehabilitation.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
With economic development and population increase, the con-
ﬂicting interests between different sectors of water users concern-
ing water quantity and quality become acute, especially in arid and
semi-arid areas. In the Heihe River Catchment in China, 80% of the
available surface water had been diverted for irrigation, which led
to the drying up of more than 30 tributaries and terminal lakes
(Wang and Cheng, 1999). In other arid or semi-arid basins of
China the intensive use of upstream river water resources for irri-
gation or industrial development has also led to signiﬁcantreduction of downstream river ﬂow or shrinking of lakes (Chen
et al., 1999; Zhang et al., 2012).
Most irrigated land in arid and semi-arid regions suffers from
different degrees of soil salinization (Abrol et al., 1988). Drainage
water from irrigated land carries higher salinity leading to the gra-
dual degradation of downstream rivers’ and lakes’ water quality
(Li, 2009; Feng et al., 2000; Dong et al., 2006). Increased salinity
in lakes damages the lakes’ ecosystem and reduces biodiversity
(Hart et al., 2003; Cyrus et al., 2010; Lawrie and Stretch, 2011a,b).
Lakes are natural storage reservoirs of river ﬂows and provide
habitats for diverse species. For conservative water quality con-
stituents, lakes approach an average concentration determined
by the concentration of the inﬂows on a time scale related to the
lake residence time. A lake downstream of an agricultural area acts
as an integrator of the activities upstream. Lakes and reservoirs
have also been used for artiﬁcial ecological water releases to the
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water allocation schemes have been carried out to restore an
ecosystem or improve lake quality. Examples are the Heihe River
Catchment, the Tarim River Catchment, and Baiyangdian Lake
(Fang et al., 2007; Ye et al., 2009; Cui et al., 2010). For these and
similar projects understanding hydrological and environmental
conditions of the lake is the basis for rational water management
in the whole basin.
Many tools for the analysis of lake water problems and for deci-
sion support in lake management are available. They range from
lumped box models to sophisticated 3D models. For water
resources management considerable insight can be gained from
both box models and distributed models. Box models can be used
to estimate unknown terms in the water and solute mass balance
equations if all other balance terms are known. The spatially dis-
cretized numerical models help to further understand the spatial
variations of all terms. Water balance box models have for example
been applied to assess the effect of reduced inﬂow on lake water
budget and lake salinity due to climate change (Crowe, 1993;
Rimmer et al., 2011), to explore the inﬂow and outﬂow contribu-
tions to lake water balance (Kummu et al., 2014), to explore the
dynamics of the lake level (Chebud and Melesse, 2009), to evaluate
the effect of different management scenarios on lake level (Setegn
et al., 2011), to study the long-term changes in lake salinity
(Rimmer, 2003; Rimmer et al., 2006), to investigate the impact of
inﬂow changes on lake salinity (Lawrie and Stretch, 2011a,b), and
to estimate groundwater seepage from lakes (Zhou et al., 2013).
Distributed numerical models were applied to lakes to explore
the distribution of salt concentration (Rogers and Dreiss, 1995),
to investigate water circulation (Rueda and Schladow, 2003), and
to predict long term water quality variations (Suh et al., 2004)
among other applications.
Bosten Lake is one of the two biggest centres of ﬁshery indus-
tries in Xinjiang province (Dong et al., 2007). Bosten Lake also plays
an important role for agricultural development and environmental
restoration in the downstream river basin as well as for the local
economic development. Over the last ﬁve decades Bosten Lake suf-
fered from environmental problems due to the intensive agricul-
tural activities in the upstream basin. Before 1958 Bosten Lake
was a freshwater lake with a concentration of total dissolved solids
(TDS) of 0.6 kg/m3. But it has become more saline since, with TDS
concentrations above 1.8 kg/m3. The lake level has dropped
because river discharge to the lake has been reduced by increased
consumptive water use of upstream agriculture. In 1983, a dam
was built to restore the lake level. This dam divided Bosten Lake
into two basins: a small west basin and a bigger east basin. The
decreased water quantity and the diminished water quality of
the lake outﬂow affect the downstream agricultural development
and the riverine environment. Since 2000, the Chinese government
has invested 11 billion CNY to convey Bosten Lake water to the
downstream via pump stations to revitalize the degraded ecosys-
tem of populus euphratica forests. From 2000 to 2008 the total
amount of water released was about 2.56 ⁄ 109 m3 (Nie, 2007).
Because of the environmental and development issues, it is impor-
tant to understand the hydrological conditions of the lake and to
identify a strategy to manage water resources sustainably.
Previous studies of Bosten Lake analysed the salt balance of the
lake over decades (Zhao et al., 2005; Zuo et al., 2006; Dong et al.,
2006; Zhong and Dong, 2008). In these studies, salt content is mea-
sured as TDS and is assumed to be conservative. This assumption is
a good approximation considering that the major ions in the lake
water (Ca2+, Mg2+, S042, Cl, HCO3) are far below saturation levels
and no precipitation occurs (Xiao et al., 2014). These studies
assume complete mixing in each of the two basins of Bosten
Lake and set the concentration discharged from each basin to the
averaged basin concentration. The assumption of complete mixingis unjustiﬁed and will be corrected in this paper. Distributed ﬂow
and transport models were not applied to Bosten Lake and this
paper is the ﬁrst study to apply a 1D longitudinal model to
Bosten Lake.
This paper analyses the water and salt balances of Bosten Lake
from 1958 to 2008 using box models and then uses a distributed
model to examine the spatial distribution of TDS concentration.
The goal of the modelling effort is to ﬁnd solutions to the sustain-
able management of Bosten Lake water resources. Using the box
and distributed models gives new insights compared to previous
studies of Bosten Lake. The box model for salt content uses coefﬁ-
cients to parameterize the deviation from the assumption of com-
plete mixing. The results demonstrate that the concentration
discharged from the east basin is lower than the average basin con-
centration. This implies that when analysing the lake’s salt balance
it is inappropriate to assume that the east basin is completely
mixed as was done in previous studies. The distributed model
shows that higher TDS concentrations occur in the southeast part
of the east basin.
The hydrology of the lake is introduced ﬁrst, followed by a
description of the box model, a description of the distributed mod-
el, and the formulation of management scenarios. Then the results
of both modelling approaches are presented. Finally some conclu-
sions relevant for a sustainable management of the lake are drawn.2. Study area
Bosten Lake is located in the southeast of Yanqi Catchment in
Xinjiang, an arid and semi-arid region in China. It ﬁlls a depression
caused by faulting and has the bathymetry shown in Fig. 1. In 2008,
the lake level was 1046.19 masl with a lake area of 991 km2 and a
lake volume of 6.5 ⁄ 109 m3. The average depth of the lake is 8 m
and the maximum depth is 18 m. The lake is the terminal discharge
point of the whole basin. All rivers of Yanqi Catchment—Kaidu
River, Qingshui River, Huangshui River—ﬂow from their headwa-
ters to Bosten Lake (Fig. 1). The outﬂow of the lake supports the
downstream agricultural and natural environments via the
Kongque River. The average precipitation and pan evaporation
between 1975 and 2006 were 86 ± 39 mm/year and
2200 ± 325 mm/year respectively. 65% of rainfall and 70% of
evaporation happen between May and August. As precipitation is
very low, it is neglected in the rest of this paper. Pump stations
were built in 1983 to control the outﬂow from the east basin to
Kongque River (Fig. 1). The east basin is therefore no longer a nat-
ural lake but is operated as a reservoir.
The data regarding the water and salt sources/sinks (river
inﬂows, drainage discharge, lake outﬂows, salt mass inﬂows and
outﬂows) as well as water levels and TDS concentrations for the
two basins used in the following analysis, have been collected for
the period from 1958 to 2008 by Xinjiang Agricultural University
(Table 1). The river inﬂows to the lake were measured 3 times each
month, averaged to estimate the monthly inﬂows and summed up
to lead to the annual inﬂows used below. All drainage discharges
were measured once per month at drain outlets around the lake
and summed up to calculate the annual drainage discharge to
the lake. Once a month outﬂows from the west basin and discharge
of the pump stations via channel to Kongque River were measured.
Integrating their sum over the year yields the annual discharge to
Kongque River. Annual mean concentrations in different rivers and
drain outlets are averaged values from one-monthly or
two-monthly monitoring data. The annual water inﬂows multi-
plied by the corresponding TDS concentrations yield the annual
salt mass inﬂows to the lake. The yearly averaged lake levels were
calculated from monthly measurements. The east basin volume is
interpolated from the documented relation between lake level
Fig. 1. Bosten Lake and its main river inﬂows and outﬂows.
Table 1
Annual means and standard deviations of lake data from 1958 to 2008.
Characteristic Units East basin West basin
Water inﬂows
River inﬂows 106 m3 1526.6 ± 655.1 922.7 ± 328.7
Drainage discharge to lake 106 m3 163.4 ± 25.4 31.9 ± 4.4
Water outﬂows
Discharge to Kongque River 106 m3 903 ± 230.9a 747.1 ± 422.7
Salt mass inﬂows
Salt mass from rivers 106 kg 440.8 ± 189.5 267.5 ± 97.8
Salt mass from drains 106 kg 397.4 ± 67.7 77.8 ± 12.7
Observations
Lake level m 1047.1 ± 0.9 1047.2 ± 0.55
Lake volume 109 m3 7.4 ± 0.9 –
Lake TDS concentration kg/m3 1.54 ± 0.24b –
a Refers to the pumping rate from the east basin between 1983 and 2008.
b Refers to the TDS concentrations observed in 1974 and between 1980 to 2008.
Fig. 2. Lake volume and area versus lake level in the east basin.
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volume versus lake level have been collected by Xinjiang
Agricultural University (Fig. 2). The proﬁles are given as piecewise
linear curves. With the water level, the east basin surface area and
volume are varying according to these proﬁles. The annual TDS
concentration in the east basin is taken as the average of TDS con-
centrations measured at 14 sites at a depth of 0.5 m below the
water surface and at irregular intervals around 6 or 7 times every
year (Fig. 1). We have no access to single measurements from the
14 sites. Only the average values of the 14 sites over the year are
available and used in the study. Besides the data related to the lake,
the annual average values of TDS concentrations in Kongque River
(0.73 ± 0.2 kg/m3) are also required for the boxmodel. They are cal-
culated from the average values of measurements taken at irregu-
lar intervals over the year.3. Methodology
3.1. Box model
A box model or multi-box model simulates the average state of
a system through mass balancing by neglecting or only crudely
considering the heterogeneities in the system. For Bosten Lake
the average groundwater inﬂow to the lake and the seepage from
the lake are estimated to be about 50 million m3/year and about
60 million m3/year respectively over the period 1982–1985 (Pei,
1988). These values of groundwater inﬂow and seepage are much
lower than the surface ﬂows into and out of the lake. Thus in the
box model analysis, which uses two boxes, the water exchange
between groundwater and lake is neglected.Bosten Lake is treated as one box before 1983 and as a two box
system after dam construction in 1983. There is limited water
exchange between the east and west basins after 1983 through
two gates on both ends of the dam. According to previous investi-
gations, the exchange rate between the two lakes is small, but the
exact value is unknown (personal communication). Thus, in this
study the water ﬂux exchanged between the two basins after
1983 is neglected for reasons of simplicity. Since the inﬂow to
and outﬂow from the basins have been measured, the evaporation
from both the west and east basins can be calculated through the
water balance equations.
3.1.1. Water balance model
The water balance of Bosten Lake is determined using a simple
box model, and is expressed in discrete time steps as follows. The
time discretization is a central difference scheme shown in Fig. 3.
The box in the ﬁgure is treated as a basic unit to calculate the water
balance.
Qlakein;tDt þ Qlakein;t
2
 Qlakeout;t þ Qlakeout;tþDt
2
 Qeva;t
¼ Vlake;tþDt  Vlake;tDt
2Dt
ð1Þ
Qlakein is the total water inﬂow to the lake (m3/year), Qlakeout is the
total water outﬂow from the lake (m3/year), Qeva is the lake
evaporation (m3/year), Vlake is the lake volume (m3), and Dt is the
time step of 1 year.
Before 1983, the whole lake is simulated as one box. In Eq. (1)
Qlakein refers to surface water inﬂow from Kaidu River, Qingshui
River, Huangshui River, and drainage discharge from the drain sys-
tem while Qlakeout is the outﬂow from the west basin to Kongque
River.
Fig. 3. Time discretization in the stepwise water balance computation.
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the east basin, Qlakein in Eq. (1) includes the eastern branch of Kaidu
River, Huangshui River, Qingshui River and most of the irrigation
drainage from the agricultural area. Qlakeout is the pump stations’
discharge. Qeva is the east basin evaporation. Vlake is the east basin
volume. For the west basin, Qlakein in Eq. (1) is the river inﬂow from
the western branch of Kaidu River and some drainage water from
the drain system. Qeva is the evaporation of the west basin and
Vlake is its volume.
The east basin volume is interpolated from the proﬁle data of
lake volume versus lake level. The west basin volume is computed
by multiplying its area with the average water depth which is cal-
culated using the average lake level minus the average lake bottom
of the west basin. The west basin area is interpolated from a linear
function ﬁtting the relation between the west basin level and the
west basin area obtained through remote sensing images of 5 years
by Steiner (2010).
3.1.2. Salt mass balance model
The balancing procedure is now applied to the lake TDS, using
the mass balance equations in discrete time steps as follows:
X
i
Cilakein;tq
i
lakein;t 
X
i
Cilakeout;tq
i
lakeout;t
¼ Clake;tV lake;t  Clake;tDtV lake;tDt
Dt
ð2Þ
Cilakein is the TDS concentration of inﬂow source i (kg/m
3), qilakein is the
water inﬂow rate of source i (m3/year), Cilakeout is the TDS concentra-
tion of outﬂow sink i (kg/m3), qilakeout is the water outﬂow rate of sink
i (m3/year), Clake is the average TDS concentration in the lake
(kg/m3). It is assumed that TDS is a conservative solute (Xiao
et al., 2014).
Before 1983 Cilakein are the TDS concentrations in Kaidu River,
Qingshui River, Huangshui River and the drain system. Cilakeout is
the TDS concentration at the outﬂow of the west basin.
After 1983, for the east basin, Cilakein are the respective TDS con-
centrations in the eastern branch of Kaidu River, Qingshui River,
Huangshui River and the eastern drain system. Cilakeout is the TDS
concentration at the pump stations in the east basin. In this case
Clake;t is the average TDS concentration in the east basin, i.e.
Cebasin;t (kg/m3). For the west basin C
i
lakein are the TDS concentrations
in the western branch of Kaidu River and the western drain system
respectively. In this case Clake;t is the average TDS concentration in
the west basin, i.e. Cwbasin;t (kg/m3).
The TDS concentration in Kongque River is a mixture of the out-
ﬂow of the west basin and the ﬂow from the pump stations in the
east basin, which is expressed as follows.
CKongque;t ¼
Cwbasinout;tqwbasinout;t þ Cebasinout;tqebasinout;t
qwbasinout;t þ qebasinout;t
ð3Þ
CKongque,t is the TDS concentration in Kongque River in the year t
(kg/m3). Cwbasinout,t is the TDS at the discharge point of the west bas-
in in the year t (kg/m3). qwbasinout,t is the discharge from the west
basin to Kongque River in the year t (m3/year). Cebasinout,t is the
TDS at the pump stations in the east basin in the year t (kg/m3).
qebasinout,t is the discharge rate at the pump stations in the year t
(m3/year).Three parameters (a; b; c 2 ð0;1) are introduced to express the
ratios of concentrations at different locations. The basin mixing
parameter a is the ratio of the average TDS concentration in the
west basin and the average TDS concentration in the east basin
before 1983 (Cwbasin,t = aCebasin,t). The west basin mixing parameter
b is the ratio of the TDS concentration at the outﬂow of the west
basin and the average TDS concentration in the west basin
(Cwbasinout,t = bCwbasin,t). The east basin mixing parameter c repre-
sents the ratio of the TDS concentration at the pump stations and
the average TDS concentration in the east basin after 1983
(Cebasinout,t = cCebasin,t). Based on Eqs. (2) and (3) the parameters
(a, b, c e [0, 1]) are calibrated to minimize the residuals between
the observed and computed TDS concentrations in the east basin
and Kongque River using the Root Mean Squared Error (RMSE)
criterion,
RMSE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP2
j¼1
PTN
t ðCcal;jt  cobs;jt Þ
2
2TN
vuut ð4Þ
Ccal;jt are the calculated TDS concentrations in the east basin (j = 1) or
in the Kongque River (j = 2) in year t (kg/m3) respectively. cobs;jt are
the observed concentrations in the east basin (j = 1) or in the
Kongque River (j = 2) in year t (kg/m3). TN is the number of time
steps (years).
The concentration in the lake in 1958 is unknown due to a lack
of records and is assumed to be 0.6 kg/m3 according to estimates
quoted in some previous studies of Bosten Lake (Zuo et al., 2004;
Wang et al., 2004, 2005).
3.2. Distributed model
Because of inadequate availability of observations such as dis-
tributions of lake levels and lake TDS, 2D or 3D numerical lake
models cannot be calibrated and are not feasible at the moment.
In the future, more observation stations could provide vertically
and horizontally distributed data concerning the effects of thermal
stratiﬁcation and wind forcing on the distribution of TDS concen-
tration, which are not considered in this study. For Bosten lake,
average water level and TDS concentration were used to calibrate
and validate the 1D model; along-basin water velocities and
along-basin TDS concentrations were not used for calibration and
validation, because the 1D model considered here only considers
the main ﬂow pattern in the lake. The annual main river inﬂows
to the lake amount to over 20% of the lake volume while the annual
evaporation ﬂux is also over 20% of the lake volume. These two
items have a very large effect on the general lake circulation pat-
tern. The prevailing winds in the area are south-western and
north-western with low average wind speeds of around 3.5 m/s.
The wind forces may inﬂuence vertical mixing and the local lake
water circulation, but not the general pattern. For lake water
movement, only the general lake circulation is considered in this
case study. For transport simulation, actually the mixing effects
of wind forcing are incorporated in an averaged way in our
approach via the dispersion coefﬁcient of the 1D model. The justi-
ﬁcation for representing the lake by a 1D numerical model is that
concentration differences are most pronounced in the longitudinal
direction of the east basin. There is a discharge ﬂux to Kongque
River towards the west and also an evaporation driven ﬂow
towards the far eastern end of the lake. As will be shown later,
the outﬂow by evaporation in Fig. 5 is of the same order of magni-
tude as the outﬂow to Kongque River. These main ﬂux directions
are captured in the conceptual 1D model (Fig. 4). All other spatial
ﬂow details apart from the main directions are neglected. Five ver-
tical TDS proﬁles in the north, west, south and southeast of the lake
were obtained in June in 1984. Three samples were taken in each
Fig. 5. Evaporation from Bosten Lake.
Fig. 4. Sketch map of conceptual model.
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0.5 m above the lake bottom (Cheng, 1993). The results showed
that the vertical distribution of lake TDS varies, but the maximum
vertical difference observed was only around 0.04 kg/m3 and thus
small against the average value. Besides, Bosten Lake is a shallow
lake and its vertical thermal stratiﬁcation is not obvious. Hu
et al. (2005) pointed out that there is almost no vertical thermal
stratiﬁcation observable in the shallow lakes of the arid areas of
Central Asia. So the vertically averaged modelling of Bosten Lake
is justiﬁed. The distributed model is constructed using MIKE11
which is a 1D simulation model for rivers and lakes (DHI,
2011a,b). It has been successfully applied to model water ﬂow
and water quality in rivers and lakes (Hansen et al., 2009;
Doulgeris et al., 2012; Ahmed, 2010, 2014). Both annual and
monthly variations of lake level will be examined in the 1D model.
3.2.1. Governing equations
The hydrodynamic module (HD) of MIKE 11 uses an implicit,
ﬁnite difference scheme to solve the Saint Venant equations. The
equations are derived from mass conservation and momentum
conservation, with Manning’s equation as closure. They read as
follows
@Q
@x
þ @A
@t
¼ q ðMass conservationÞ ð5Þ
1
A
@Q
@t
þ1
A
@
@x
ðQ
2
A
Þþg@h
@x
¼ gðS0Sf Þ ðMomentum conservationÞ ð6Þ
Sf ¼ n
2Q2
R
4
3A2
ðManning’s equationÞ ð7ÞA is the cross-sectional area of the channels (m2), t is the time (s), x
is the longitudinal distance along the channels (m), q represents the
sources/sinks per unit channel length (m2/s), Q is the ﬂow rate
(m3/s), h is the water depth (m), S0 is the slope of the channel bot-
tom (–), Sf is the friction slope (–), n is the Manning roughness coef-
ﬁcient and R is the hydraulic radius (m).
The one-dimensional advection–dispersion model (AD) of the
channels used to compute the concentration distribution is written
as follows, according to the mass conservation equation.
@AC
@t
þ @QC
@x
 @
@x
AD
@C
@x
 
¼ Cinqin  Cqout ð8Þ
C is the lake TDS concentration (kg/m3), D is the dispersion coefﬁ-
cient (m2/s), A is the cross-sectional area of the channels (m2), Cin
is the source concentration and qin=qout is the lateral inﬂow/lateral
outﬂow per unit channel length (m2/s).
3.2.2. Model set up
The two lakes are conceptualized as 1D channels with wide
cross-sections (Fig. 4). The thinner black lines are the channels in
MIKE11. They are discretized into 40 grid-cells with an average
length of 4000 m. There are 35 cross sections (dark dash lines in
Fig. 4) obtained from the recorded lake bottom elevation. The
bathymetry input to the model accurately reproduced the lake
water volume for different water levels. The inﬂows to the lake
from the rivers, the discharge to Kongque River and the pumping
rate from the east basin are introduced as speciﬁed ﬂow boundary
conditions. The drainages of the east and west basins are added to
the hydrodynamic model as point sources. The concentrations of
the inﬂow and the point sources are speciﬁed concentration
boundaries. The dam between east basin and west basin is simulat-
ed as a controlling structure with zero discharge between the two
basins after 1983. The eastern end of the lake is simulated as a
closed boundary condition, where a zero ﬂux across the boundary
is applied in both the HD and AD models. The evaporation from the
lake is introduced as a sink q in Eq. (5) and adds up to the value
obtained from the box model. Its monthly distribution over the
year follows the pattern of monthly changes of the observed pan
evaporation (Xinjiang Agricultural University). The evaporation of
a cell is computed according to its lake surface area. The lake area
is positively correlated to the lake level because the cross-sections
of the lakes follow a bowl shape (Fig. 4). In the transport equation
qin is non-zero and refers to the drainage discharge while the qout
term is disregarded as evaporation does not carry salt. Manning’s
n of the west basin is larger than that of the east basin, reﬂecting
the increased bed friction due to weed growth in the west basin.
The values of Manning’s n are calibrated in the numerical ﬂow
model using yearly and monthly lake level data. The dispersion
Fig. 6. Modelled and observed TDS concentrations for the east basin and for
Kongque River.
N. Li et al. / Journal of Hydrology 524 (2015) 62–71 67coefﬁcient is calibrated in the solute transport model using yearly
lake TDS data. The 1D numerical model simulates the time interval
from 1958 to 2008. The time step of the ﬂow model is 4 min, the
one for the advection–dispersion model is half of that to ensure
consistency between the staggered grid (H and Q points) of the
hydrodynamic simulation and the normal grid of the transport
simulation (DHI, 2011b).
3.2.3. Model validation
For the validation of the numerical model, computed lake levels
from 1958 to 2008, and lake TDS concentrations in 1974 and
between 1983 and 2008 are compared to their observed values.
This comparison is analysed using Nash–Sutcliffe efﬁciency coefﬁ-
cients (Nash and Sutcliffe, 1970).
E ¼ 1
PT
t¼1ðOt MtÞ
2
PT
t¼1ðOt  OÞ
2 ð9Þ
E is the Nash–Sutcliffe efﬁciency coefﬁcient, T represents the num-
ber of time steps, Ot is the observed value at time t, O is the average
observed value over time T, Mt is the modelled value at time t.
3.3. Scenario formulation
Water resources management in Bosten Lake has to cope with
challenges arising from water quantity and quality. The lake level
should be in the secure range between 1045.5 masl and 1048 masl
to protect the water environment of Bosten Lake itself (according
to communication with the local experts). The lake TDS concentra-
tion should be lower than 1 kg/m3 (threshold between fresh water
and brackish water) (http://glossary.ametsoc.org/wiki/
Freshwater). The discharge from the lakes to Kongque River should
be as large as possible to sustain the downstream requirements of
agriculture and the riverine forest environment. In order to explore
the factors inﬂuencing the lake water quantity and water quality,
four different scenarios are simulated with the numerical 1D ﬂow
and transport model. Computed results for 2008 serve as initial
conditions for the different scenarios simulated over 50 years each.
The amount of water that can be diverted from the lake to the
downstream is determined by setting the lake level at the outﬂow
to a safe value of 1046 masl. The model then automatically yields
the ﬂow rate, which can be abstracted by the pump stations under
the condition of keeping that outﬂow level constant. After 50 years
a steady state is reached in all scenarios. They are deﬁned in the
following:
Scenario 0 (S0): This basic scenario takes the average values for
lake sources and sinks from the time interval 1983 to 2008 i.e. after
the dam construction for extrapolation to 2050. This implicitly
assumes that the effects of climate change remain negligible over
that period.
Scenario 1 (S1): This scenario is based on S0 and increases the
discharge of rivers to the lake by 20% by diverting less irrigation
water. To reduce the diversion, several options are available:
They include
– plastic mulching on the cultivated area to reduce evapotranspi-
ration and decrease the irrigation demand;
– water saving irrigation technology such as drip irrigation;
– decrease of cultivated area to decrease the total water demand;
– irrigating with groundwater to reduce unproductive phreatic
evaporation by lowering the groundwater table and
– improving the efﬁciency of irrigation channels by renovating
the irrigation channel system.
All these methods can be combined. Climate change supposedly
will increase river inﬂows. According to Chen et al. (2008), themaximum of the annual river runoff could increase by 38% of its
current value. Given the uncertainty of this projection we disregard
it and only postulate a 20% increase in discharge to the lake, which
can realistically be reached by the options mentioned.
Scenario 2 (S2): This scenario is based on S0 but produces no
drainage to the lake by transferring 100% of the highly saline drai-
nage water to depressions in the desert.
Scenario 3 (S3): This scenario combines a reduction of river
water diversion and a partial transfer of saline drainage to the
desert, increasing the river inﬂow by 20% and decreasing the drai-
nage salt ﬂux by 30%.4. Results
4.1. Evaporation and lake concentration from box model
Fig. 5 shows that the annual lake evaporation calculated from
the water balance equation shows large changes from year to year.
This may be due to inaccuracies in the calculation of the volumes of
the two basins and other uncertainties in the input data. But in the
long run, the evaporation does have the same trend as the
observed lake area: ﬁrst it decreases till 1987, then increases till
2004, and thereafter it decreases again. The computed annual aver-
age evaporation for the whole lake is around 1.5 ⁄ 109 m3/year,
which is practically equal to the value obtained from the
Penman–Monteith approach (Steiner, 2010).
The salt mass balance equation leads to the calibrated para-
meters (a ¼ 0:9; b ¼ 0:8; c ¼ 0:7) yielding the minimum RMSE of
0.167 kg/m3 between simulated and observed TDS concentrations
in Kongque River and the east basin. In both cases simulated TDS
concentrations are still higher or lower than observed values in
some years (Fig. 6), but the model results overall ﬁt the observa-
tions well. It will be shown later that the errors are mainly due
to the variation of the east basin mixing parameter c with time.
The modelled TDS concentrations in the east basin, at the pump
stations, in the west basin and at the discharge point of the west
basin are shown in Fig. 7. The TDS concentration in the east basin
is higher than that in the west basin and the difference between
the two concentrations increases after 1983. This is caused by
the dam constructed in 1983, which prevents mixing between
the two lakes. It leads to a slight increase in the east basin concen-
tration and a slight decrease in the west basin concentration after
1983. The concentration at the pump stations in the east basin is
lower than the average concentration of the east basin because
the pump stations are close to the fresh river water discharge of
Fig. 7. Modelled TDS concentrations from salt mass balance model.
Fig. 8. Computed and observed yearly values in the east basin from 1958 to 2008.
(a) Lake level. (b) Lake TDS concentration.
Table 2
Nash–Sutcliffe efﬁciency coefﬁcients for different modelled outputs.
Items Efﬁciency coefﬁcients
Yearly water level in the east basin 0.75
Monthly water level in the east basin 0.73
Yearly water level in the west basin 0.44
Monthly water level in the west basin 0.34
Lake TDS in the east basin 0.64
Fig. 9. East basin TDS concentrations from 2009 to 2058 in different scenarios.
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from there. The concentration at the discharge point of the west
basin is lower than the average concentration in the west basin.
This is also caused by dilution through fresh river discharge, this
time from the west branch of Kaidu River. This difference decreases
after 1983 because the dam interrupts the direct hydrological con-
nection between the east and west basins.
4.2. Distributed model results
After model calibration, Manning’s n values for the west and
east basins are 0.125 and 0.04 respectively, which are in the range
given for beds with low biomass by De Doncker et al. (2009). The
calibrated dispersion coefﬁcients for the west and east basins are
both 7 m2/s, which is near the lower bound of the range between
0.1 and 100 m2/s given by Shen et al. (2010) based on measure-
ments for seven rivers. The comparison between simulated and
observed values of lake levels and TDS is shown in Fig. 8. The lake
level in the east basin recovers after 1987 because of the increased
river runoff and the dam construction controlling the water dis-
charge from the east basin. After 2000, much more water is
pumped to Tarim River to revitalize the riverine forest in the
downstream, so the east basin level starts to decrease again. The
average TDS concentration in the east basin is obtained by dividing
its total salt mass by its total volume. The modelled TDS concentra-
tion in the east basin follows the dynamics of the observed lake
concentration. The Nash–Sutcliffe efﬁciency coefﬁcients are given
in Table 2. An efﬁciency coefﬁcient of 1 means perfect ﬁt between
observations and simulations. A negative value indicates that the
modelled value is worse than the mean value of the observation.
All of the efﬁciency coefﬁcients indicate a good ﬁt to the observa-
tions. Compared to the efﬁciency coefﬁcients of the east basin
water level, the lower values for the yearly and monthly west basin
water levels are caused by the bigger deviation between observa-
tions and calculations at the beginning of the time period. If the
ﬁrst 10 years are excluded, the efﬁciency coefﬁcients of the yearly
and monthly west basin water levels for the last 40 years improve
to 0.77 and 0.56 respectively. The relatively low coefﬁcient of the
monthly west basin water level is also caused by sudden water
level jumps observed in some months, which are in contrast to
the smoother curve obtained in the calculation.
4.3. Scenario analysis
The results of the numerical ﬂow and transport model under
the four scenarios S0, S1, S2 and S3 are shown in Fig. 9 and
Table 3. Scenario S0 implies that the east basin TDS concentration
Table 3
Results in 2050 for different scenarios.
Scenarios Level in the
east basin
(m)
Discharge to
Kongque
(m3/s)
TDS in the
east
basin(kg/m3)
Average TDS in
the whole lake
(kg/m3)
S0 1046 48.18 1.35 1.24
S1 1046 65.54 1.03 0.97
S2 1046 43.65 0.97 0.9
S3 1046 64.04 0.96 0.9
Fig. 10. Parameter c (the TDS concentration at the pump stations over average
concentration of the east basin) from 1983 to 2008.
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1.4 kg/m3. This value is still higher than the required 1 kg/m3
(Fig. 9). For the other scenarios, the discharge to Kongque River will
rise with the increase of the river inﬂow (S1) and decrease with the
decrease of the drainage discharge (S2) (Table 3). The lake TDS con-
centration is decreasing in both cases (S1 and S2) (Fig. 9). Even
though the east basin will become a fresh water lake with lake
TDS lower than 1 kg/m3 under scenario S2, it would be an eco-
nomic challenge to transfer 100% of the highly saline drainage
water away from the lake. Hence, a combination of scenarios is
necessary to meet also economic constraints. The results from sce-
nario S3 show that the lake discharge to Kongque River is sig-
niﬁcantly increased in comparison with scenario S0 while at the
same time the lake TDS concentration is lower than 1 kg/m3
(Table 3). Fig. 9 demonstrates that the lake TDS concentrations
under scenarios S2 and S3 reach almost the same ﬁnal value, but
scenario S3 reaches steady state faster (within 30 years) than sce-
nario S2. The combined scenario S3 achieves the sustainability
goals for the lake with respect to both quantity and quality. In
S3, the water release from the lake to the downstream can be
increased by 16 m3/s beneﬁtting the downstream agricultural
development and ecological needs. The average TDS concentra-
tions of the whole lake obtained under the different scenarios are
lower than the corresponding concentrations in the east basin
because of the lower concentration of the west basin water
(Table 3).Fig. 11. Modelled TDS concentration from the box model using the time-varying
paramter c from Fig. 10.5. Discussion
5.1. Spatial concentration distribution obtained from the numerical
model
Even though the box model is only a rough approximation of
reality, it did help to better understand the hydrological condition
of the lake. A ratio of 0.7 between the TDS concentration at the
pump stations and the east basin is obtained from the simple mass
balance equation. The 1D numerical model calculates this ratio
explicitly and shows that it varies in time (Fig. 10). The
average ratio over the period from 1983 to 2008 is around 0.75
which is slightly higher than the value from the box model. The
east basin mixing parameter of less than 1 implies that the
assumption of complete mixing in the east basin is not appropriate.
Using the constant mixing ratio of the box model of 0.7 already
reduces the error in computing the outﬂow concentration
considerably.
If instead of a constant value we use the time-varying para-
meter c obtained from the numerical model in the box model,
the observed and computed TDS values of the east basin become
almost identical (Fig. 11). The RMSE of TDS concentration in that
case is around 0.07 kg/m3 which is much lower than the value of
0.13 kg/m3 calculated using a constant c of 0.7 in the box model.
This shows that the main error in the box model is the imperfect
incorporation of incomplete mixing. The east basin mixing para-
meter c is not constant in time but depends on the yearly varying
hydrological conditions. The box model method (Eqs. (2) and (3))
applied in this speciﬁc case can be viewed as a way to determinethe degree of mixing in lakes and reservoirs. It is an alternative
to other methods such as the system identiﬁcation method used
by Rimmer et al. (2006) to verify the complete mixing in Lake
Kinneret. The estimation of the mixing parameter c performed
for the east basin could be applied to other lakes and reservoirs
as long as the inputs required in Eqs. (2) and (3) are available for
the corresponding study areas. The value of c depends on the con-
centration and ﬂow rate of the inﬂow and outﬂow, as well as the
lake volume (Eqs. (2) and (3)). The mixing parameter c could also
be used to estimate a residence time that accounts for
short-circuiting. The residence time can be calculated as follows:
Tresi;true ¼ 1c Tresi;completemix ð10Þ
Tresi;completemix ¼ ClakeVlakeClakeQ lakeout
ð11Þ
where Tresi,true is the residence time accounting for short-circuiting.
Tresi,completemix is the residence time assuming complete mixing. In
this case study, the ratio c is around 0.7, so the residence time is
1.43 times higher than the value obtained from the complete mix-
ing assumption made by researchers in the past.
Fig. 12 shows the TDS concentrations at cross-sections close to
the 14 sampled locations which are mainly distributed in the west-
ern and central parts of the east basin (14 red dots in Fig. 1). It is
obvious that the TDS concentrations at the cross-sections are
Fig. 12. Simulated TDS values in 14 sampling points of the east basin from 1958 to
2008.
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to Kaidu River have lower concentrations (blue line in Fig. 12) and
those close to the southeast corner have higher concentrations
(purple and red lines in Fig. 12). The reasons are obvious: The prox-
imity of the outﬂow in the west and the river inﬂow induces a
short-circuit between the two (Fig. 1). While the outﬂow in the
west removes salt from the east basin, the evaporation driven out-
ﬂow towards the east accumulates salt in the east basin. These two
processes result in a fast water exchange in the western part and
low mixing in the eastern part of the lake. With the outﬂow of
1.6 ⁄ 109 m3/year in the west and the lake evaporation of
1.5 ⁄ 109 m3/year towards the east being practically of the same
size, a strong concentration gradient from east to west develops.5.2. Implications for water resources management
The results from the scenario analysis indicate that the available
lake water discharge to Kongque River is directly affected by the
river discharge to the lake. This is consistent with conclusions from
previous studies (Zuo et al., 2004; Zhong and Dong, 2008).
Reducing the river diversion for irrigation in Yanqi Catchment
should be a key decision in future water resources management.
Decision makers should realize that the present constraint on the
lake level and the demand to increase the discharge to Kongque
River contradict each other. More lake discharge to support the
downstream agricultural development and riverine ecology may
require a lake level below the secure range. The scenario analysis
shows that increasing river discharge to the lake will provide more
outﬂows to support downstream agricultural development. This
would be a trivial statement if the lake level and thus the lake area
were constant in different scenarios. In reality more inﬂow means
larger lake area and more evaporation.
The east basin TDS concentration can be reduced to 1 kg/m3 by
increasing river discharge and decreasing the drainage discharge to
the lake. 20% increase in river discharge to the lake decreases the
east basin TDS by 0.55 kg/m3 in 50 years. Reducing the drainage
discharge to the lake to zero decreases the east basin TDS by
0.63 kg/m3. At the same time 8% of inﬂow to the lake will be lost.
The desired concentration decrease is reached with this relatively
small loss because the concentration of the drain discharge is much
higher than that of the river. Capturing drainage water seems more
efﬁcient than any other measure with respect to the water quality
goal. Technically the drainage could be diverted into the desert to
be evaporated. The combined measure composed of elements of
the two scenarios seems more desirable. It diverts more water to
support downstream development, keeps a reasonable lake levelto sustain the lake’s own environment and also improves the east
basin TDS concentration to a value lower than 1 kg/m3. The values
of meteorological and hydrological parameters in the scenario ana-
lysis are based on their historical time series and only one realiza-
tion consisting of the averaged historical values is used. This is
unlike other studies such as the one by Rimmer et al. (2011) who
consider a number of time series of inﬂows, precipitation, evapora-
tion and so on. Therefore lake concentration and lake discharge
under different scenarios cannot be shown here with their prob-
ability distributions. But the one realization scenario analysis
quantiﬁes the average effect of different management scenarios
on the lake level and lake TDS concentration, which provides sufﬁ-
cient evidence to the decision makers to choose among options.
This study also suggests that decision makers should be cau-
tious in choosing a water resources strategy on the basis of lake
TDS concentration. Bosten Lake has been a two basin system since
1983, so the two basins should be considered separately. The aver-
age TDS concentration for Bosten Lake is lower than that of the east
basin due to the lower concentration in the west basin. It may be
easier to manage the quality constraint for the whole lake’s TDS
(Li, 2009), but it provides misleading information on the east basin
TDS concentration.6. Conclusion
The paper uses a two box model and a distributed numerical
model of the two basin system to analyse the ﬂow and salt trans-
port in Bosten Lake. It also suggests a viable solution for overall
water resources management in the region. Both the box model
and the numerical model are based on the time series of observa-
tions between 1958 and 2008. The box and numerical models
show clearly that the average TDS concentration of the lake is
not the same as the concentration ﬂowing out of the lake. It is inap-
propriate to treat Bosten Lake as a completely mixed box with
respect to TDS. This conclusion is important for the application of
box models in other studies where lakes are not completely mixed
due to short circuiting between inﬂow and outﬂow.
All values of lake levels and lake TDS concentrations computed
with the hydrodynamic model and the advection–dispersion mod-
el show a very good agreement with the observations, with only
small deviations between the calculations and observations
remaining. They can be explained among other things by imperfect
sampling. The numerical model is an excellent tool to understand
the spatial distribution of hydrological variables.
This 1D model is an important step in the process of building a
distributed coupled numerical model of the whole Yanqi
Catchment required in the more detailed planning of concrete
management measures and their spatial distribution in the basin.
The scenario analysis shows the lake concentration dynamics
with respect to river inﬂow and drainage concentration. If agricul-
tural management achieves a ﬂow increase by a reduction of the
unproductive evaporation and a decrease of the drainage salt ﬂux
by evaporating some drainage water in depressions instead of dis-
charging it into the lake, the goal of 1 kg/m3 can be reached within
a 30 year period.
Parameter uncertainty and predictive uncertainty for different
management scenarios considering an ensemble of climate realiza-
tions were not discussed here. They are the subject of a subsequent
paper which examines the probability distribution of outcomes
due to different strategies.Acknowledgements
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